The guanidine-II (mini-ykkC) riboswitch is the smallest of the guanidine-responsive riboswitches, comprising two stem loops of similar sequence. We have solved high-resolution crystal structures of both stem loops for the riboswitch from Gloeobacter violaceus. The stem loops have a strong propensity to dimerize by intimate loop-loop interaction. The dimerization creates specific binding pockets for two guanidine molecules, explaining their cooperative binding. Within the binding pockets the ligands are hydrogen bonded to a guanine at O6 and N7, and to successive backbone phosphates. Additionally they are each stacked upon a guanine nucleobase. One side of the pocket has an opening to the solvent, slightly lowering the specificity of ligand binding, and structures with bound methylguanidine, aminoguanidine, and agmatine show how this is possible.
In Brief
Huang et al. use structural biology to show that the stem loops of the guanidine-II dimerize by loop-loop interaction. Guanidine is hydrogen bonded to the Hoogsteen edge of a guanine that forms a base pair with a cytosine from the second stem loop. Guanidine stabilizes the structure to activate the gene.
INTRODUCTION
Riboswitches are regulatory elements in mRNA that bind specific ligands, usually leading to the stabilization of a conformation that results in a changed level of gene expression (Roth and Breaker, 2009; Serganov and Nudler, 2013) . The ligand will be metabolically related to the substrate of the enzyme or transporter that is the product of the gene in question, and expression is controlled at the level of transcription, translation, or mRNA stability. Riboswitches are widespread in bacteria, and many classes have now been identified, responding to a variety of metabolites including coenzymes, amino acids, purines, and even single ions. While the ligands for many riboswitches were straightforwardly identified, some have taken a considerable period to assign, requiring a rethinking of some aspects of cellular metabolism in the process.
One such is the bacterial ykkC element. This was identified as a candidate riboswitch in 2004 (Barrick et al., 2004) , but only recently was the ligand identified as guanidine . This required a re-evaluation of the role of this toxic compound in the cell , and in some cases a correction of the annotation of some enzymes whose genes might be under the control of the putative riboswitch. The Breaker laboratory has shown that these riboswitches bind guanidine, leading to the upregulated expression of a series of genes whose products either chemically convert guanidine into other compounds or pump it from the cell. Due to its high pK a , guanidine will be protonated at physiological pH, thus existing as the positively charged guanidinium cation. For simplicity, herein we nevertheless in general refer to this as guanidine except where its charge is relevant.
Three classes of ykkC elements have been identified, now called the guanidine-I , -II , and -III riboswitches. The first of these was shown to bind a molecule of guanidine with micromolar affinity, resulting in a change of conformation that sequestered part of the RNA required to form a transcription terminator stem loop, thus resulting in increased levels of transcription . Two crystal structures have shown how the riboswitch is folded and the manner of the guanidine binding (Battaglia et al., 2017; Reiss et al., 2017) . The guanidinium cation has D 3h symmetry and a positive charge. It is enclosed in a box of guanine nucleotides, such that all six protons make specific hydrogen bonds, and it is stacked onto the nucleobase of one guanine making a cation-p interaction. This pocket is highly selective for guanidine, excluding all similar compounds including urea.
Of the three types of guanidine riboswitch, the smallest (the guanidine-II riboswitch) comprises two stem loops connected by a short linking segment of polynucleotide (Figure 1 ). The riboswitch was originally called the miniykkC motif, but we use the term guanidine-II riboswitch herein. Approximately 800 examples of this motif are known. These are located close to the ribosome binding sites of genes involved in guanidine metabolism, either efflux pumps (slightly more than half the examples) or modifying enzymes, e.g., carboxylases. Thus like the class I riboswitches they should act as ON switches (most probably by controlling translation of the mRNA) that lead to upregulation of genes involved in guanidine detoxification.
The sequences of the stem loops are highly conserved, comprising a G + C-rich helix and an ACGR (R = A or G) tetraloop. Upon addition of guanidine the two loop regions become protected in in-line probing experiments, indicative of a change of structure resulting from ligand binding . Alteration of the sequence of either one loop led to reduced protection of both loops, consistent with an interaction between them. Fitting the protection data gave a measurement of the affinity for guanidine of 50 mM, similar to that of the class I guanidine riboswitch. Importantly, the fit required a Hill coefficient of 1.4, consistent with the cooperative binding of two guanidine molecules, one to each loop. Moreover, in in-line probing experiments, showed that a single stem loop exhibited guanidine-induced protection at higher RNA concentrations, indicating that they could form homodimers that bind ligand. Given the high conservation of sequence this is perhaps not surprising; for example, the two stem loops of the Gloeobacter violaceus guanidine-II riboswitch are identical in their tetraloops (ACGA) and the adjacent four base pairs. found that some variants of guanidine such as methylguanidine and aminoguanidine bound to the guanidine-II riboswitch with affinities that were within a factor of four of guanidine itself. The small size of the guanidine-II riboswitch makes it likely that its manner of binding the guanidine ligand will differ in some respects from the class I riboswitch, which employs five guanine nucleotides to surround and interact with the ligand, and this could result in a slightly lowered selectivity of ligand binding for the smaller riboswitch.
We therefore set out to determine crystal structures of the conserved stem loops of the G. violaceus guanidine-II riboswitch, with and without ligand, to investigate the structure, dimerization, and the manner of ligand binding. We find that all these stem loops do indeed dimerize by a loop-loop interaction, which explains all the nucleotide conservation that is the key to the function of the riboswitch. Loop-loop interaction creates two pockets for the binding of guanidine molecules resulting in cooperative binding, so that dimerization is central to the function of this riboswitch. The specificity of ligand binding is slightly lower than that for the guanidine-I riboswitch (Battaglia et al., 2017; Reiss et al., 2017) , with fewer hydrogen bonds to the guanidine and an open side that allows for small variations in the ligand structure.
RESULTS

Design and Synthesis
In this study we have solved crystal structures of several stem loops derived from guanidine-II riboswitches ( Figure 1 and Table S1 ). These are the P2 and P1 stem loops from G. violaceus with and without bound ligand. All comprise GCrich helices with ACGA terminal loops. All the RNA species were made by chemical synthesis, incorporating bromocytosine at the penultimate base pair of the stem, the anomalous scatter from which was used to provide phases for the diffraction. Each structure was solved by single-wavelength anomalous diffraction (SAD), except for the structures with modified ligands bound that were solved by molecular replacement. The crystallographic statistics are presented in Table 1 . As discussed in detail below, each RNA forms a dimer in the crystal, associated by an intimate association between the loops.
Basic Structure of the Guanidine-II Riboswitch P2 Stem Loop Bound to Guanidine We have solved the structure of a 6-bp G. violaceus P2 stem loop bound to its guanidine ligand at 1.8-Å resolution ( Figure 2 ; PDB: 5NDH). The crystals are orthorhombic (P2 1 2 1 2 1 ), and two dimeric RNA complexes comprise the asymmetric unit (ASU). The structures of the crystallographically unrelated RNA molecules in the ASU superimpose with a root-mean-square deviation (RMSD) of 0.28 Å (in this and subsequent calculations we superimpose the loop and top two base pairs of the stem to calculate the all-atom RMSD). The duplex stems contain only C-G base pairs and are fully base paired ( Figures 2B and S1 ). The helix is closed by the G6-C11 base pair, following which there is a very sharp turn in the trajectory of the backbone. The nucleobases of A7, C8, and G9 are stacked on each other, making interactions with nucleotides of the second loop in the dimer (see below). The nucleobase of A10 is extrahelical, after which C11 pairs with G6 to resume the stem.
Dimerization of the Guanidine-II Riboswitch P2 Stem Loop
Each dimer within the ASU is created by a close association between the two ACGA terminal loops (Figures 2A and 2C) , with almost coaxial alignment of the two stems. Breaker et al. (2017) had suggested that the two stem loops might interact by means of a ''hand-to-wrist'' architecture. The central C8 and G9 of each loop make complementary cis Watson-Crick base pairs, i.e., cross-strand C8-G9 0 and G9-C8 0 base pairs. A7 is coplanar with the closing G6 0 -C11 0 base pair from the other stem loop, hydrogen bonding to the sugar edge of C11 0 , between 
. Sequences of the Guanidine-II Riboswitch
Left: the consensus sequence of the riboswitch, with conserved sequences highlighted in red. R = A or G; Y = C or U. The ribozyme consists of two stem loops P1 and P2 of closely similar sequence, connected by a spacer sequence of variable length, although the great majority are R13 nt. The sequences of the P2 and P1 stem loops from the G. violaceus and the P1 stem loop of E. coli guanidine-II riboswitch are shown (right). Bromocytosine was included at the positions indicated (Br); this was used to phase the diffraction by its anomalous scatter. The numbering of the nucleotide positions of the P2 stem loop studied in this work is indicated. The structure of guanidine is drawn at the top, shown as it exists at neutral pH in its protonated form as the guanidinium cation. A7N6-C11 0 O2 and A7N1-C11 0 O2 0 . At the other end of the loop A10 and A10 0 nucleobases are extruded and inclined at 20 to the helical axis, and are mutually stacked with a spacing of 3.3 Å .
The Manner of Guanidine Binding to the Guanidine-II Riboswitch P2 Stem Loop The interacting loops of the dimer together create two binding sites for guanidine molecules (Figure 3) . Each guanidine molecule binds coplanar with the G9-C8 0 base pair, hydrogen bonded to G9 O6 and N7. The remaining amine of each guanidine is hydrogen bonded to the proS and proR non-bridging oxygen atoms of phosphates of A7 and C8, respectively, at the very tight turn of the loop. The distance between one nitrogen and the proR oxygen of G9 is a little longer than a normal hydrogen bond and the geometry suboptimal, so we do not include this as one of the key interactions, although if there is some flexibility in the pocket this might become significant. The guanidinium cation is stacked upon the nucleobase of G6, making a cation-p interaction (Gallivan and Dougherty, 1999; Wintjens et al., 2000) . The space above the guanidine is closed off by the nucleobases of C8 and A7, and thus the ligand is enclosed in a box, except for a space between the backbones of both loops at their tight turns, on the major groove side of the cross-strand C-G base pairs (Figure S2 ). The two guanidine molecules are vertically spaced by one base pair along the axis of the dimer, and separated by 9 Å .
Structure of the Guanidine-II Riboswitch P1 Stem Loop with Bound Guanidine Ligand
We have solved the structure of a 7-bp G. violaceus P1 stem loop bound to its guanidine ligand at 1.9-Å resolution ( Figure S3 ; PDB: 5NOM). The sequence is identical to that of P2 for the central 10 nt. However, this structure was solved in a trigonal space group (H3 2 ) in which the ASU contains a single RNA stem loop. Notwithstanding, the structure is closely similar to that obtained for the P2 loop, forming a dimer by the same loop-loop interactions. The dimer superimposes with that determined for P2 with an RMSD = 0.20 Å ( Figure S4 ). Since the P1 and P2 structures were solved in very different spacegroups, we can be confident that this structure is unaffected by lattice contacts. The binding pocket and manner of the interaction with guanidine are essentially identical to that observed for the P2 stem loop above (Figures S5B and S5C ).
In addition, we have solved the structure of a guanidine-II riboswitch P1 8-bp stem loop from Escherichia coli bound to guanidine. This crystallized in spacegroup P2 1 2 1 2 1 with two RNA dimers in the ASU, and diffracted to the lower resolution of 2.6 Å (PDB: 5NDI). The structure is closely similar to that of the G. violaceus RNA, with an RMSD of 0.28 Å .
Structure of the Guanidine-II Riboswitch P1 Stem Loop with Alternative Bound Ligands
On the basis of in-line probing analysis, Breaker and colleagues concluded that a number of small analogs of guanidine bound to the type II riboswitch, including methylguanidine and aminoguanidine. We therefore soaked crystals of ligand-free G. violaceus P1 stem loop with modified guanidine analogs (Table S1 and Figure S5A ). Crystals of each were obtained in the same H3 2 spacegroup, that diffracted to 1.7 Å or higher resolution, and the structures were solved by molecular replacement. In both cases the RNA structure was essentially identical to that with guanidine bound (RMSD = 0.13 and 0.10 Å for the methylguanidine-bound [PDB: 5NEP] and aminoguanidine-bound [PDB: 5NEQ] structures, respectively). Both ligands bind coplanar with G9, with adjacent nitrogen atoms hydrogen bonded to O6 and N7 ( Figures 4A and 4B) . The additional methyl and amino groups are attached to the nitrogen that is bound to G9 O6, directed to the open region between the two RNA backbones. We also obtained a structure of the P1 stem loop bound to agmatine (PDB: 5NEX), which has a butylamine side chain attached to one of the nitrogen atoms ( Figures  4C and S5D ). While the side chain has relatively weak electron density indicative of mobility, the guanidine moiety is observed to be bound in the same manner as the other ligands.
Structure of the Guanidine-II Riboswitch P1 Stem Loop in the Absence of Guanidine Ligand
We have also solved the structure of the G. violaceus P1 stem loop bound in the absence of guanidine ligand at 1.69-Å resolution, in the same H3 2 spacegroup. The RNA structure is essentially identical to that of the P1 stem loop with bound guanidine, with an RMSD of 0.32 Å ( Figure S6 ; PDB: 5NEO). Interestingly, electron density corresponding to solvent is observed at the positions normally occupied by the amine groups of the guanidine ( Figure 5 ). As these crystals formed only in the presence of a high concentration of (NH 4 ) 2 SO 4 , these peaks most probably correspond to ammonium ions that make interactions with the RNA similar to those in the guanidine amino groups.
DISCUSSION
Dimerization between the stem loops of the guanidine-II riboswitch is a critical aspect of their function. The loop-loop inter- action creates the two specific ligand binding sites to which two guanidine molecules bind cooperatively ( Figure 6 ). This results in guanidine binding with micromolar affinity, which is likely to be important for two reasons. First, any higher concentration is probably toxic to the cell, and so the genes required for detoxification must be turned on. Second, it should be higher than non-specific interaction of the cationic compound with RNA generally.
We have observed homodimerization of each guanidine-II riboswitch stem loop in significantly different space groups. Dimerization is clearly intrinsic to the nature of these structures, and is unlikely to differ significantly from heterodimerization between P1 and P2 stem loops in a complete riboswitch. The sequences of the loops and the helical stem adjacent to the loops are strongly conserved; in the case of the G. violaceus stem loops the sequence is identical for the loops (ACGA) and the adjacent four base pairs. Moreover, using in-line probing, showed that the pattern of reactivity for the G. violaceus P1 as a single stem loop exhibited exactly the same change on addition of guanidine as it did as part of the complete riboswitch with both stem loops. Since the looploop interaction results in collinear alignment of helical stems, the connecting segment must cover the full length of the two stems. For example, in the G. violaceus riboswitch a 14-nt linker must cover a 5 0 P to 3 0 P distance of 49 Å , and so will be well extended. have observed that on guanidine-induced folding of the riboswitch the linker region exhibits enhanced backbone scission by in-line probing.
Loop-loop interaction creates the specific guanidine binding pockets. Although all the direct contacts to a given guanidine are restricted to a single RNA loop, it is the central cross-strand base pairs between C8 and G9 0 that direct the guanine nucleobases so that their Hoogsteen edges can interact with guanidine amine protons donating hydrogen bonds to O6 and N7 (Figure 6 ). This holds each guanidine so that it is juxtaposed with the backbone and can hydrogen bond to non-bridging oxygen atoms of successive phosphate groups. In addition, each guanidine is stacked upon the nucleobase of G6 in a cation-p interaction (Gallivan and Dougherty, 1999; Wintjens et al., 2000) . In the absence of the loop-loop interaction it is likely that the individual loops are more flexible, giving an entropic penalty for binding the guanidine ligand. From the opposite perspective, binding guanidine will lower the free energy of the loop-loop interaction, thus stabilizing the dimeric conformation, which is the key to the riboswitch function.
The structures we present explain the strong conservation of the nucleotides in and around the loops of the guanidine-II riboswitches. The central C8pG9 forms the two cross-strand base pairs, which create the primary guanidine binding site at G9. A7 interacts with the sugar edge of C11 0 (AN6 hydrogen bonded to C11 0 O2) and stacks on top of C8. This creates the tight turn of the backbone of the loop, presenting the phosphates to act as ligands for the guanidine. G6 (base paired with C11) provides the floor of the binding pocket on which the guanidine is stacked in the cation-p interaction (Gallivan and Dougherty, 1999; Wintjens et al., 2000) . Lastly, the nucleotide at position 10 is conserved as either A or G. These are extrahelical and mutually stacked together; this interaction should be more stable for purine nucleotides.
The binding pocket has features in common with that of the guanidine-I riboswitch (Battaglia et al., 2017; Reiss et al., 2017) , which also uses the Hoogsteen edge of a guanine nucleobase and the opposing backbone and stacks the guanidine on a guanine nucleobase. Binding of guanidino protons to O6 and N7 of a guanine nucleobase is also a recurring theme in RNAprotein interactions, for example in the use of arginine side chains by zinc-finger proteins (Pavletich and Pabo, 1991) .
However, the binding pocket is not identical to that of the guanidine-I riboswitch. The latter is more enclosed, and all six protons of the guanidinium cation are potentially involved in hydrogen bonding. By contrast, the guanidine-II riboswitch has fewer direct interactions and a narrow opening on the major groove side of the cross-strand C-G pairs, and consequently the ligand selectivity is slightly lowered. We see that methylguanidine, aminoguanidine, and agmatine can be bound into the pocket, consistent with the biochemical experiments of . Although the butylamine side chain of the latter has rather weak electron density, the guanidino group is well defined and the side chain emerges flexibly from the side opening. The binding site is evidently well disposed to binding compounds related to guanidine and closely related species, even organizing probable ammonium ions from the solvent within the pocket. However, the side opening is too narrow to accommodate anything more bulky than a methylene chain, consistent with the range of compounds found to fold the RNA biochemically .
In summary, we see how the dimerization of the guanidine-II riboswitch stem loops creates binding pockets for two guanidinium cations that stabilize the folded conformation of the RNA. In the G. violaceus riboswitch the P2 stem loop is 6 bp from the ribosome binding site (although the distance is variable in these riboswitches as a group), and a potential stem loop that overlaps Figure S5D . In these images the nucleobases of A7 and C8 have been removed for clarity. The unbiased electron density map (contoured at 1.2s) is shown in the pocket. This has been modeled as three atoms that are most probably ammonium ions. The nucleobases of A7 and C8 have been removed for clarity.
both could form. The folded riboswitch and this putative stem loop would be mutually exclusive, so that stabilization of the riboswitch structure could expose the ribosome binding site. This would allow translation of the gene to proceed, i.e., upregulating the genes required to reverse guanidine toxicity in the cell.
SIGNIFICANCE
Riboswitches are widespread regulatory elements in mRNA in bacteria that bind small-molecule ligands to affect local RNA conformation, leading to an altered level of gene expression. The guanidine riboswitches bind the guanidinium cation such that the level of expression of genes that deal with guanidine toxicity is upregulated. Three classes of guanidine riboswitches have been identified. The smallest of these (the guanidine-II riboswitch) comprises two connected stem loops, to which guanidine binds cooperatively. Crystal structures of these stem loops show that they are intrinsically disposed to dimerization by loop-loop interaction. Dimerization is key to the function of the riboswitch. The loop-loop interaction creates binding sites for two guanidine molecules, and thus the folded conformation of the RNA is stabilized by guanidine binding, which leads to the increased level of gene expression. Within the binding pockets the guanidinium cation is hydrogen bonded to the Hoogsteen edge of a guanine nucleobase that is base paired with the other RNA in the dimer. It is also hydrogen bonded with the backbone of the loop, and is stacked onto another guanine nucleobase in a cation-p interaction. However, one side of the binding pocket has a narrow opening that can accommodate a small side chain, and structures of the riboswitch reveal how compounds such as methylguanidine and aminoguanidine can be accommodated.
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